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Farnesyltransferase inhibitors (FITs) represent a novel class of anticancer drugs that exhibit a remarkable 
ability to inhibit malignant transformation without toxicity to normal cells. However, the mechanism by which 
FTIs inhibit tumor growth is not well understood. Here, we demonstrate that FTI-277 inhibits phosphatidyl- 
inositol 3-OH kinase (PI 3-kmase)/AKT2-mediated growth factor- and adhesion-dependent survival pathways 
and induces apoptosis in human cancer cells that overexpress AKT2. Furthermore, overexpression of AKT2, 
but not oncogenic H-Ras, sensitizes NIH 3T3 cells to FTI-277, and a high serum level prevents FTI-277-induced 
apoptosis in H-Ras- but not ^^-transformed NIH 3T3 cells, A constitutively active form of AKT2 rescues 
human cancer cells from FTI-277-induced apoptosis, FTI-277 inhibits insulin-like growth factor 1-induced PI 
3-kinase and AKT2 activation and subsequent phosphorylation of the proapoptotic protein BAD, Integrin- 
dependent activation of AKT2 is also blocked by FTI-277. Thus, a mechanism for FTI inhibition of human 
tumor growth is by inducing apoptosis through inhibition of PI 3-kmase/AKT2-mediated cell survival and 
adhesion pathway. 



Small G proteins such as Ras, Rho, and Rac have been 
shown to regulate a wide spectrum of cellular functions, in- 
cluding cytoskeletal organization, membrane trafficking, tran- 
scriptional activation, and cellular transformation. Recent 
studies demonstrated that the effects of Ras proteins on cy- 
toskeleton and membrane trafficking are important in estab- 
lishing and maintaining the transformed phenotype (61, 73). 
Many types of extracellular signals, especially those involving 
activation of receptor tyrosine kinase and integrin receptor, 
trigger activation of small G proteins, which in turn activate a 
variety of signalings, Ras, which is frequently mutated in hu- 
man tumors, activates several signaling pathways, including the 
Raf/mitogen-activated protein kinase cascade and the phos- 
phatidylinositol 3-kinase (PI 3-kinase)/Akt pathway, resulting 
in malignant transformation in rodent fibroblasts (57, 60, 73, 
74). It has also been documented that Rac, Rho, and Cdc42 
stimulate cell cycle progression and display transforming and 
oncogenic potential in some cell lines (72). Cells expressing 
constitutively active mutants of Rac and Rho exhibited a ma- 
lignant transformation phenotype (37). In addition, Rho and 
Rac have been shown to be essential for Ras transformation 
(37, 58), Recent studies demonstrated that small G proteins 
are pivotal mediators in integrin-rnediated cell motility and 
invasiveness of human tumor cell lines (36, 72), Therefore, 
pharmacological irihibition of small G protein function is a 
rational approach for the prevention and treatment of human 
malignancies. 
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One approach is inhibition of small G protein prenylation, a 
lipid posttranslational modification that is critical to cellular 
localization and function of the proteins (19, 28, 64). Farne- 
syltransferase (FTase) and geranylgeranyitransferase (GGTase) 
I have been shown to catalyze protein prenylation (19, 28, 64, 
77). FTase catalyzes the transfer of farnesyl from farnesylpy- 
rophosphate to a cysteine at the carboxyl terminus of pro- 
teins ending in CAAX, where C is cysteine, A is an aliphatic 
amino acid, and X is methionine, serine, cysteine, or glu- 
tamine. GGTase I, on the other hand, transfers geranylgeranyl 
from geranylgeranylpyrophosphate to CAAX terminal sequences 
where X is leucine or isoleucine. We and others developed two 
types of inhibitor, FTIs and GGTTs, to specifically target FTase 
and GGTase I, respectively (19 3 28, 46, 47, 52, 64). FTIs show 
promise in blocking the tumor growth without toxicity to nor- 
mal cells (19, 64, 69, 70). However, the mechanism by which 
FTIs contribute to inhibition of tumor cell growth is not 
known. 

Several lines of evidence indicate that PI 3-kinase is required 
for Ras transformation and Ras-induced cytoskeletal reorga- 
nization (38, 61). Dominant-negative PI 3-kinase (p85A 
iSH2-N) strongly inhibits transformation by RasV12 (61). 
Moreover, active PI 3-kinase is sufficient to transform cells (13, 
32, 42). Akt/protein kinase B (PKB), a subfamily of serine/ 
threonine protein kinases, has been identified as a direct target 
of PI 3-kinase (21, 27), All three members, Akt/AKTl/PKBa, 
AKT2/PKBJ3, and AKT3/PKB 7 (8, 15, 33, 34, 42), of this fam- 
ily are activated by growth factors in a PI 3-kinase-dependent 
manner (3, 11, 27, 48, 51). Phosphorylation of Thr-308 (Thr- 
309 in AKT2) in the activation loop and Ser-473 (Ser-474 in 
AKT2) in the C-terminal activation domain is required for full 
activation of Akt and AKT2. 3-Phosphoinositide-dependent 
protein kinase 1 and integrin link kinase (ILK) have been 
found to phosphorylate Thr-308 and Ser-473 of Akt, respec- 
tively (2, 3, 23, 68), Recent studies demonstrated that the 
tumor suppressor PTEN/MMAC1 and SHIP, encoding dual- 
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specificity {phosphatidyknositoI-3,4,5-triphosphate [PI(3,4,5)P 3 ] 
and tyrosine/threonine} phosphatases and inositol phospha- 
tase, negatively regulate intracellular levels of PI(3,4,5)P 3 in 
cells and thus inhibit the PI 3-kinase/Akt signaling pathway (5, 
50, 67). 

It has been shown that Akt induces cell survival and sup- 
presses the apoptotic death of a number of cell types induced 
by a variety of stimuli, including growth factor withdrawal, cell 
cycle disruption, and loss of cell adhesion. Several downstream 
targets, containing the Akt phosphorylation consensus se- 
quence R-X-R-X-X-S/T, have been identified as possible 
mechanisms by which Akt promotes cell survival and blocks 
apoptosis. One is glycogen synthase kinase 3 (GSK-3): Akt 
phosphorylates GSK-3 and leads to inactivation of GSK-3, 
accumulation of p-catenin, activation of c-myc transcription, 
and stabilization of cyclin Dl (20, 25, 30). Akt was also shown 
to phosphorylate the proapoptotic proteins BAD and caspase 

9 and transcription factor FKHRL1, resulting in reduced bind- 
ing of BAD to Bcl-X^ inhibition of caspase 9 protease activity, 
and decreased Fas li^and transcription, respectively (10, 12, 22, 
24). 

Among the three members of the Akt/PKB family, only 
AKT2 has been implicated in several types of human malig- 
nancy. In particular, alterations of AKT2 have been detected in 

10 to 20% of ovarian carcinomas and pancreatic cancers (7, 15, 
16, 54, 62). Overexpression of AKT2 in N1H 3T3 cells resulted 
in a transformed phenotype (17). Moreover, the antisense of 
AKT2 can significantiy inhibit the invasiveness and tumorigen- 
esis of pancreatic cancer cells overexpressing this gene (16). 
We have recently demonstrated that AKT2 is significantly ac- 
tivated by the active form of Ras, and this activation is partially 
inhibited by wortmannin. Moreover, dominant-negative Ras 
N17 blocks growth factor-induced activation of AKT2 (48), 
suggesting that Ras is an essential mediator for AKT2 activa- 
tion. In this report, we provide evidence that FTI-277 targets 
PI 3-kinase/AKT2 cell survival and cell adhesion pathway and 
induces apoptosis in human cancer cell lines that overexpress 
i^ICT2» 

MATERIALS AND METHODS 

Cell lines and transfection, Human ovarian epithelial cancer cell lines 
OVCAR-3, OVCAR-4, OVCAR-5, OVCAR-8, and A2780 and pancreatic can- 
cer cell lines PANC-1, ASPC-1, CAFAN-2, and C0LO357 were provided by 
T. C Hamilton and A. Klein-Szanto (Fox Chase Cancer Center). The COS7 cell 
line was obtained from the American Type Culture Collection. The cells were 
cultured at 37°C in Dulbecco modified Eagle medium (DMEM) supplemented 
with 10% fetal calf serum (FCS), Transfections were performed by the calcium 
phosphate method. For stable transfection transfected OVCAR-3 ceils were 
selected with G418 at the final concentration of 600 n-g/ml. 

Plasmid constructs. Hemagglutin epitope (HA)-tagged AKT2 (HA-AKT2) 
and HA-E299Kt4 KJ2 were prepared as described previously (48, 53). The con- 
stitutively active pcDNA 3 -m/p-HA-AKT2 construct was made by PGR to add 12 
amino acids derived from the N terminus of the Lck tyrosine kinase to the N 
terminus of HA-AKT2. The PCR fragment was subcloned as an EcoRlfXbal 
fragment into pcDNA 3 vector. The glutathione 5-transferase (GST)-BAD, GST- 
BADS 112 A, GST-BADS136A, and GST-BADS2A constructs were kindly pro- 
vided by Michael E. Greenberg (Harvard Medical School). Wild-type and con- 
stitutively active (RhoB-V14), forms of RhoB were obtained from Alan Hall 
(University College, London, United Kingdom). 

TUNEL assay and DNA fragmentation. Cells were seeded into 60-mm-diam- 
eter dishes and grown in DMEM supplemented with 5% FCS for 24 h and then 
treated with FTi-277 at concentration of 30 u.M for 48 h. Apoptosis was deter- 
mined by terminal deoxynudeotidyltransferase-mediated dUTP nick end label- 
ing (TUNEL) by using an in situ cell death detection kit (Boehringer Mannheim, 
Indianapolis, Ind.). The cells were trypsinized, and cytospin preparations were 
obtained. Cells were fixed with freshly prepared paraformaldehyde (4% in phos- 
phate-buffered saline [PBS], pH 7.4), Slides were rinsed with PBS, incubated in 
permeabilization solution, and cross-reacted with TUNEL reaction mixture for 
60 min at 3TC in a humidified chamber. Following a rinse, the slides were 
reacted with converter-alkaline phosphatase solution for 30 min at 37°C and then 
detected with alkaline phosphatase substrate solution (Vector Laboratories, Bur- 
lingame, Calif.) for 10 min. After an additional rinse, the slides were mounted 



and analyzed under a light microscope. These experiments were performed in 
duplicate. To detect DNA fragmentation, cellular DNA was prepared by using a 
biood and cell culture mini DNA kit (Qiagen). The DNA was analyzed on 1.5% 
agarose gel and visualized by ethidium bromide staining. 

GST fusion proteins, GST-BAD fusion proteins were purified as previously 
described (17). Briefly, logarithmically growing cultures of Escherichia colt JMS3 
transformed with the pGEX-3X recombinants were incubated with 0.1 mM 
isopropyl-p-D-thiogalactopyranoside at 3TC for 6 h. The cells were pelleted, 
resuspended in cold PBS, and sonicated on ice. Debris was removed by centrif 
ugation, and the supernatant was applied to a glutathione-Sepharose 4B column 
(Pharmacia). GST-BAD fusion proteins were eluted and used as the substrate (5 
u.g/reaction) for AKT2 in vitro kinase assay. 

Immunoprecipitation and immunoblotting. Cells were lysed in a lysis buffer 
containing 20 mM Tris-HCl (pH 7.5), 137 mM NaCl, 15% (voJ/voi) glycerol, 1% 
NP-40, 2 mM phenyl methylsulfony I fluoride, 2 u,g each of aprotmin and leupep- 
tin per ml, 2 mM benzamidine, 20 mM NaF, 10 mM NaPP E , 1 mM sodium 
vanadate, and 25 mM fi-glycerolphosphate. Lysates were centrifuged at 12,000 X 
g for 15 min at 4°C prior to immunoprecipitation or Western biotting. Equal 
amounts of the lysates were analyzed for protein expression and enzyme activity. 
For immunoprecipitation, lysates were precleared with protein A-protein G (2:1) 
agarose beads at 4^C for 20 min. Following removal of the beads by centrifuga- 
tion, lysates were incubated with anti-AKT2 monoclonal antibody (17), anti-HA 
monoclonal antibody 12CA5 (Boehringer Mannheim), anti-p85 antibody (Santa 
Cruz), or anti-BAD antibody (Santa Cruz) in the presence of 30 uJ of protein 
A-protein G (2:1) agarose beads (GibcoBRL) for 2 h at 4*C. The beads were 
washed once with 50 mM Tris-HCl (pH 7.5V0.5 M LiCl-0.5% Triton X-100, 
twice with PBS, and once with 10 mM Tris-HCl (pH 7.5)-10 mM MgO 2 -10 mM 
MnCl 2 ^l mM dithiothreitol, a]l containing 20 mM f3-gIycerolphosphate and 0,1 
mM sodium vanadate. Lnmunoprecipitates were subjected to in vitro kinase 
assay or Western blotting analysis. Protein expression and phosphorylation were 
determined by probing Western blots of immunoprecipitates or total cell lysate 
with the anti-HA, anti-AKT2 T antiphosphotyrosine (anti-p-Tyr; 4G10; Upstate 
Biotechnology, Inc.), or anti-phospho-BAD (New England Biolabs) antibody. 
Antigen-bound antibody was detected by enhanced chemiiuminescence Western 
blotting analysis (Amersham). 

In vitro protein kinase assay. The AKT2 kinase assay was performed as 
previously described (17). Briefly, the reaction was carried out in the presence of 
10 jiCi of [7- 32 F]ATP (MEN) and 3 p.M unlabeled ATP in 30 jl! of buffer 
containing 20 mM HEPES (pH 7.4), 10 mM MgCI 2l 10 mM MnCl 2 , and 1 mM 
dithiothreitol. Histone H 2 B was used as the exogenous substrate. After incuba- 
tion at room temperature for 30 min, the reaction was stopped by adding protein 
loading buffer and the mixture was separated by sodium dodecyl sulfa te-polyac- 
rylamide gel electrophoresis (SDS-PAGE). Each experiment was repeated three 
times. The relative amounts of incorporated radioactivity were determined by 
autoradiography and quantitated with a Phosphor J niager (Molecular Dynamics). 

PI 3-kinase assay. The cells were washed, lysed, and immunoprecipitated with 
pan-p85 or anti-P-Tyr (Ab-4; Oncogene) antibody (40). The immunoprecipitates 
were washed once with cold PBS, twice with 0.5 M LiCl-0.1 M Tris (pH 7.4), and 
finally with 10 mM Tris-100 mM NaCl-1 mM EDTA. The presence of PI 
3 -kinase activity in immunoprecipitates was determined by incubating the beads 
with reaction buffer containing 10 mM HEPES (pH 7.4), 10 mM MgCl 2 , 50 u,M 
ATP, 20 jiCi of [7- 32 p]ATP, and 10 p,g of L-ot-phosphatidylinositol-4,5-bisphos- 
phate [PI(4,5)P 2 ; Biomol] for 20 min at 25°C The reactions were stopped by 
adding 100 ul of 1 M HC1. Phospholipids were extracted with 200 ul of CHd 3 - 
MeOH. Phosphoryiated products were separated by thin-layer chromatography 
as previously described (75). The conversion of PI(4,5)P 2 to PI 3-phosphate was 
determined by autoradiography and quantitated with a PhosphorEmager. 



RESULTS 

FH-277 induces apoptosis in human cancer cells. Previous 
studies showed that FTIs have a profound inhibitory effect on 
human tumor cell growth (19, 28, 64). However, the mecha- 
nism by which FTIs exert this effect is not well understood. The 
fact that AKT2 is frequently overexpressed in human ovarian 
and pancreatic carcinoma and significantly activated by growth 
factor and active Ras through PI 3-kinase prompted us to 
examine the involvement of the PI 3-kinase/AKT2 pathway in 
inhibition of tumor cell growth by FTIs. We initially treated 
two human ovarian cancer cell lines, one (OVCAR-3) overex- 
pressing AKT2 and the other (A2780) expressing a low level of 
AKT2 (15) (Fig. 1A), with FTI-277 (30 uM) in DMEM me- 
dium supplemented with 5% FCS. After 48 h of treatment, 
OVCAR-3 cells underwent apoptosis detected by DNA ladder 
assay (Fig. IB). However, apoptosis was not observed in A2780 
cells (Fig. IB), even though cell growth was inhibited (data not 
shown). We extended our study to another seven human can- 
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FIG. 1, FTI-277 induces apoptosis in AKT2-overexpressing human cancer 
cell lines. (A) (Top) Western blot analysis of AKT2 expression in nine ovarian 
and pancreatic cancer cell lines. Equal amounts of protein were separated by 
SDS-PAGE and probed with an anti-AKT2 monoclonal antibody. Overexpres- 
sion of AKT2 was observed in five cell lines (lanes 1 to 5). (Bottom) Western blot 
analyses of immunoprecipitates prepared from each cell line with monoclonal 
AKT2 antibody. The blots were detected with polyclonal anti -phospho-Akt-S473 
antibody. Elevated levels of phosphorylated AKT2 were detected in AKT2- 
overexpressing cell lines. (B) Internucleosomal DNA fragmentation. The cells 
were seeded at 5 x 10 5 celIs/60-mm-diameter dish in 5% FCS medium. After 
24 h, the cells were treated with 30 p,M FTI-277 (-5-) or DMSO (-) for 48 h. 
Genomic DNA was prepared and analyzed on a 13% agarose gel as described 
in Materia[s and Methods. Lane 1 shows DNA size markers ($X174 replicative- 
form DNAJHaeUl fragments; GibcoBRL). DNA fragmentation was detected in 
OVCAR-3, OVCAR-5, OVCAR-8, PANC-1, and ASPC-I cell lines after FTI- 
277 treatment. 



cer cell lines, consisting of three ovarian carcinoma and four 
pancreatic cancer lines. FTL277-induced apoptosis was de- 
tected in all of the four AKT2-overexpressing cell lines 
(OVCAR-5, OVCAR-8, PANC-1, and ASPC-1) but not in cell 
lines expressing low levels of AKT2 (OVCAR-4, CAPAN-2, 
and COLO-357) (15, 16) (Fig. 1). These results suggest that the 
cancer cells overexpressing AKT2 are sensitive to FTI-277 and 
that FTI-277-induced apoptosis may result from inhibition of 
the PI 3-kinase/AKT2 pathway. 

Ecotopic expression of wild-type AKT2 renders cells sensi- 
tive to FTI-277* Recent reports demonstrated that FTIs are 
capable of inducing apoptosis of ^-transformed but not un- 
transformed Rati and rat kidney cells only when the cells are 
deprived of serum or substratum attachment (44, 71). The 
percentages of FTI-induced apoptotic cells were 50 and 56 in 
v-H-ms-transformed Rati cells and v-K-ras-transformed rat 
kidney cells, respectively (44, 71). We previously showed that 
overexpression of wild-type AKT2 in N1H 3T3 cells resulted in 
a malignant phenotype (17), To test the hypothesis that over- 
expression of AKT2 renders the cells sensitive to FTIs, AKT2- 
transformed NIH 3T3 cells and NTH 3T3 cells transfected with 
the pcDNA 3 vector alone were treated with FTI-277 (30 uM) 



a 



5% FCS 



0.1% FCS 





pcDNA- 
Nffl3T3 



HRas- 
NIH3T3 



AKT2- 
NIH3T3 



FIG. 2. Overexpression of wild-type AKT2 sensitizes NIH 3T3 cells to FTI 
277-induced apoptosis. A TUNEL assay was used to detect FTi-277-induced 
apoptosis in AKT2- or H-raj-transformed NIH 3X3 cells in a medium containing 
5% FCS (a to c) or 0.1% FCS (d to f). After 48 h of FTI-277 treatment, apoptosis 
was detected in AK72-transformed (c) but not H-ras-transfcrmed (b) and 
pcDNA 3 -transfected (a) NIH 3T3 cells in 5% FCS medium. In 0.1% FCS culture 
medium, FTI-277-induced apoptosis was more prominent in AKT2 (f)- than 
ft-ras (e)-transformed NIH 313 cells. 



in medium containing 0.1 or 5% FCS. H-ras- transformed NIH 
3T3 cells were used as a control- Apoptosis was observed in 
AKT2- but not pcDNA 3 -transfected NIH 3T3 cells after 48 h of 
FTI-277 treatment at serum concentrations of both 0.1 and 5% 
(Fig. 2). Percentages of apoptotic cells were approximately 90 
at 01% serum and 60 at 5% serum. However, apoptotic cells 
accounted for only —15% of H-ras-transformed NIH 3T3 cells 
at 01% FCS, and no apoptosis was detected in 5% FCS culture 
medium (Fig. 2). These data indicate that overexpressed wild- 
type AKT2 is more effective than oncogenic H-Ras at sensi- 
tizing cells to FTT-277-induced apoptosis. Furthermore, under 
high-serum (5% FCS) conditions, AKT2 but not H-Ras sensi- 
tizes cells to FTI-277. The effect of FTI-277 appears to be 
specific for AKT2 in NIH 3T3 cells since it was unable to 
induce apoptosis in Aktl-transfected NIH 3T3 cells (data not 
shown). This is possibly due to the fact that overexpression of 
Aktl in NIH 3T3 cells does not result in malignant transfor- 
mation (1, 17). 

FTI-277 inhibits growth factor-induced PI 3-kinase/AKT2 
activation in vitro and in vivo* Several lines of evidence have 
shown that PI 3-kinase is required for Ras transformation (38, 
61), Because FTI-277 preferentially induced apoptosis in 
AKT2-overexpressing cancer cells, we next examined whether 
FTI-277 inhibits growth factor-induced PI 3-kinase/AKT2 ac- 
tivation. COS7 cells were transiently transfected with pcDNA 3 - 
HA-AKT2. Serum-starved cells were treated with FTI-277 (30 
ljlM) for 12 h prior to insulin-like growth factor 1 (IGF-1) 
stimulation for 10 min. Immunoprecipitation was carried out 
with an anti-HA monoclonal antibody, and the immunopre- 
cipitates were subjected to in vitro kinase assay using his tone 
H 2 B as the substrate. Repeated experiments revealed that 
IGF-l-induced AKT2 activation was effectively blocked by 
FTI-277 (Fig. 3A). 

Furthermore, we evaluated the effect of FTI-277 on endog- 
enous PI 3-kinase and AKT2 activation by IGF-1. OVCAR-3 
cells were serum starved and treated with FTI-277 for 12 h 
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FIG. 3. FTI-277 inhibits AKT2 activation, (A to C) In vitro kinase assay of 
immunoprecipitaies from COS7 cells transfected with KA-AKT2 (A), OVCAR-3 
cells (B), and A2780 cells (C). After serum starvation overnight, the cells were 
treated with or without FTI-277 for 12 h prior to IGF-1 (50 ng/ml) or 5% FCS 
stimulation for 10 rain. (D) FTI-277 does not directly inhibit serum-induced 
AKT2 activation. An in vitro kinase assay was carried out with immunoprecipi- 
tates from OVCAR-3 cells. After serum starvation and restimulation, FTI-277 
(30 |xM) was directly added into kinase reaction (lane 3). (E) OVCAR-3 cell 
lysates were analyzed by SDS-PAGE followed by immunoblotting with an anti- 
lamin B or artti-RaplA antibody Lamin B is a substrate for FTase, whereas 
RaplA is a substrate for GGTase I. FTI-277 prevented lamin B farnesylation, 
resulting in a band shift. RaplA prenylation was unaffected by FTI-277. U, 
unprenylated form; P, prenylated form (prenylated proteins migrate faster in an 
SDS-polyacrylarmde gel). 



prior to IGF-1 stimulation for 10 min. Cells were then lysed 
and irnmunoprecipitated with an anti-AKT2 or anti-P-Tyr 
monoclonal antibody or anti-p35 (the regulatory subunit of PI 
3 -kinase) polyclonal antibody. The AKT2 immunoprecipitaies 
were subjected to in vitro kinase assays, The p85 immunopre- 
cipitates were divided into two aliquots. One aliquot was sep- 
arated by SOS-PAGE, transferred to a membrane, and probed 
with the anti-p-Tyr monoclonal antibody. The other was sub- 
jected to an in vitro PI 3-kinase assay (40). Results showed that 
FTI-277 abrogated IGF-l-induced endogenous AKT2 activa- 
tion, p85 phosphorylation, and PI 3-kfnase activity (Fig. 3B, 
4 A, and 4C). The efficacy of FTI-277 to inhibit selectively 
protein farnesylation in OVCAR-3 cells was verified by ana- 
lyzing the prenylation status of lamin B and RaplA in these 
cells. Aliquots of cell lysate were analyzed by SDS-PAGE fol- 
lowed by immunoblotting with anti-lamin B antibody or anti- 
Rap 1 A antibody, Lamin B serves as a positive control for the 



FTI-277 effect, as it is known to be strictly farnesylated. RaplA 
serves as a negative control because it is only geranylgerany- 
lated. Figure 3E shows that lamin B farnesylation, but not 
RaplA geranylgeranyiation, was inhibited in FTI-277-treated 
OVCAR-3 cells. 

We also examined AKT2 phosphorylation and PI 3-kinase 
activity in ovarian and pancreatic cancer cell lines used in this 
study under 5% FCS culture conditions. We have recently 
demonstrated that phospho-Akt-Ser473 antibody is able to 
detect phosphorylated AKT2 (W. Yuan and J. Q. Cheng, sub- 
mitted for publication), The levels of AKT2 phosphorylation in 
AKT2-overexpressing cell lines are higher than those in cells 
expressing low levels of AKT2 (Fig. 1A). However, the activity 
of PI 3-kinase is not significantly different between these two 
groups of cell lines (Fig. 4A and B and data not shown). These 
results, in combination with those of a previous study using 
antisense RNA (16), suggest that cell survival in AKT2-over- 
expressing cell lines may, at least in part, rely on high levels of 
AKT2 activity in normal cell culture conditions. 

To determine the eft ects of FTI-277 on PI 3-kinase/AKT2 
activation under the conditions (5% FCS medium) in which 
FTI-277 induces apoptosis, OVCAR-3 and A2780 cells were 
cultured in a serum-free medium containing either FTI-277 (30 
jxM) or vehicle (dimethyl sulfoxide [DMSO]) overnight and 
then stimulated with 5% FCS for 20 min. The AKT2 and P-Tyr 
or p85 immunoprecipitates were subjected to in vitro protein 
kinase and PI 3-kinase assays, respectively. Figures 3B, 3C, and 
4B illustrate that serum-induced AKT2 and PI 3-kinase acti- 
vation was also abolished by FTI-277. However, FTI-277 does 
not directly inhibit PI 3-kinase and AKT2 activities, as deter- 
mined by adding FTI-277 to the kinase reactions (Fig. 3D and 
4D). 

AKT2 phosphorylates BAD, and the phosphorylation is 
blocked by FTI-277. Previous studies demonstrated that Akt 
phosphorylates the proapoptotic protein BAD to suppress ap- 
optosis and promote cell survival (22, 24). However, to date 
there is no report showing that AKT2 phosphorylates BAD 
even though it is assumed that BAD may be phosphorylated by 
AKT2, based on the sequence homology between Akt and 
AKT2, To test whether AKT2 phosphorylates BAD, wild-type 
and mutant forms of HA-AKT2 were expressed in COS7 cells, 
irnmunoprecipitated with an anti-HA antibody after serum 
starvation and IGF-1 stimulation, and assayed in an immuno- 
complex kinase assay for the ability to phosphorylate recom- 
binant BAD. Repeated experiments revealed that IGF-1-induced 
AKT2 activation or constitutively active AKT2 (Myr-AKT2) 
resulted in BAD phosphorylation, whereas dominant-negative 
AKT2 (AKT2-E299K) failed to do so (Fig. 5A). AKT2-medi- 
ated BAD phosphorylation was inhibited by the PI 3-kinase 
inhibitor wortmarmin and FTI-277, suggesting that the phos- 
phorylation of BAD by AKT2 is regulated by PI 3-kinase 
and a farnesylated protein(s). BAD is phosphorylated at two 
sites, Ser-112 and Ser-136, in response to interleukin-3 (76). 
Three recombinant BAD mutant proteins, in which Ser-112 
(BADS 112 A), Ser-136 (BADS136A), or both (BADS2A) were 
converted to alanine, were used to identify the AKT2-medi- 
ated BAD phosphorylation site. As shown in Fig. 5A, IGF-l- 
induced AKT2 activation results in the phosphorylation of 
BADSerll2A. In contrast, BADS 136 A and BADS2A were not 
phosphorylated by AKT2 (Fig. 5A), indicating that the Ser-136 
is an AKT2-mediated phosphorylation site of BAD. 

We next examined whether AKT2 phosphorylates endoge- 
nous BAD and whether this phosphorylation is blocked by 
FTI-277, Following serum starvation and FTI-277 treatment, 
OVCAR-3 and Myr-AKT2-transfected OVCAR-3 cells were 
stimulated with or without IGF-1, lysed, and immunoprecipi- 



Vol. 20, 2000 



FTI-TARGETED PI 3-KINASE/AKT2 PATHWAY 143 




IGF1 - + + 
FTI-277 - - + 



Phospho-p85-* 
pS5™> 



Serum 
FTI-277 

PIP3-* 



Origin 




FIG. 4. FTI-277 inhibits PI 3-kinase activity, (A and B) In vitro PI 3-kinase assay of the anti-p85 immunoprecipitates from OVCAR-3 and A2780 cells. Following 
serum starvation overnight, the cells were treated with or without FTI-277 for 12 h prior to IGP-1 (A) or 5% FCS (B) stimulation for 15 mm. Basal levels of PI 3-kinase 
are not significantly different between OVCAR-3 and A2780 cells. However, IGF1- or serum-induced PI 3-kinase activity in both cell lines was inhibited by FTI-277. 
(C) Western blot analyses of immunoprecipitates from OVCAR-3 cells. Following FTI-277 treatment, the cells were lysed, immunoprecipitated with anti-p85 polyclonal 
antibody, and detected with an anti-p-Tyr antibody. The blots were reprobed with anti-p85 antibody. (D) FIT-277 does not directly inhibit serum-induced PI 3-kinase 
activation. An in vitro PI 3-kinase assay was carried out with rmmunopretipitates from OVCAR-3 cells. After serum starvation and restimulation, FTI-277 {30 \iM) 
was directly added to the kinase reaction (lane 3). 



tated with an anti-BAD antibody. The immunoprecipitates 
were separated by SDS-PAGE, and the filters were probed 
with anti-phospho-BAD antibody. As shown in Fig. 5B, endog- 
enous AKT2 and constitutively active AKT2 were capable of 
phosphorylating BAD in vivo. Wild-type AKT2-mediated, but 
not Myr-AKT2-mediated, BAD phosphorylation was abro- 
gated by FTI-277. These results suggest that FTI-277 targets a 
f arnesylated protein(s) upstream of AKT2 and inhibits AKT2- 
mediated BAD phosphorylation, resulting in programmed cell 
death. 

Integrin-induced AKT2 activation is inhibited by FTI-277. A 

recent study demonstrated that cell attachment is a critical 
factor for FH-mduce.d apoptosis in ras- transformed cell (44). 
We next tested whether adhesion to fibronectin activates 
AKT2 and whether the integrin-mediated AKT2 activation is 
blocked by FTI-277. After serum starvation and treatment with 
or without FTI-277 or LY294002, OVCAR-3 cells were 
trypsinized and held in suspension for 30 min prior to attach- 
ment to tissue culture plates precoated with fibronectin or 



polylysine. Following a 30-min exposure, AKT2 was immuno- 
precipitated from cell lysates, and AKT2 kinase activity was 
assayed with htstone H 2 B as the substrate. As shown in Fig. 6, 
AKT2 kinase activity was 20-fold higher in cells exposed to 
fibronectin than in cells plated on polylysine dishes or kept in 
suspension. Importantly, this integrin-dependent activation of 
AKT2 was abrogated by FTI-277 and LY294002 (Fig. 6). 
These data indicate that AKT2 is activated by integrin in a PI 
3-kinase-dependent manner and that the integrin pathway is 
involved in FTI-277-induced apoptosis in human cancer cells. 

Constitutively active AKT2 rescues OVCAR-3 cells from 
Fn-277-induced apoptosis. We reasoned that if FTI-277 in- 
hibits a farnesylated protein upstream of AKT2 ? then con- 
stitutively active AKT2 should overcome FTI-277-induced 
apoptosis in the cancer cells. A constitutively active AKT2 
expression construct (Myr-HA-AfvT2) or pcDNA 3 vector alone 
was stably transfected into OVCAR-3 cells. Western blot anal- 
yses with anti-HA antibody revealed expression of Myr-HA- 
AKT2 in the transfectants (Fig. 7A). In vivo BAD phosphor- 
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FIG. 5. AKT2 phosphorylates recombinant BAD and BADS112A but not 
BADS136A or BAD2SA: inhibition by FTI-277 in vitro and in vivo. (A) In vitro 
kinase assays using anti-HA immunoprecipitates from COS7 cells transfected 
transiently with HA-tagged AKT2 constructs expressing wild-type AKT2 (HA- 
AKT2), constitutively active AKT2 (Myr-AKT2), and dominant-negative mutant 
AKT2 (AKT2-E299K). Following serum starvation, the cells weie treated with or 
without FTI-277 (3 h) or wortmannin (30 min) prior to IGF -1 (50 ng/mi) stim- 
ulation. Anti-HA immunoprecipitates were subjected to an in vitro kinase assay 
using wiid-type BAD (WT-Bad), BAD SI 12 A BADS136A, or BAD2SA as the 
substrate. Note that wortmannin inhibited BAD phosphorylation more efficiently 
than FTI-277 due to relatively short time of treatment of the cells with FTI-277 
(3 h; see Fig. 8). (B) Western blot analysis of phosphorylation (top) and expres- 
sion (bottom) of endogenous BAD from parental OVCAR-3 cells and the stably 
transfected cell clones expressing Myr-AKT2 treated with or without FTI-277 
before stimulation with IGF-1 (50 ng/mi} for 10 min. (C) Western blot analyses 
of cell lysates from ovarian and pancreatic cancer cell lines. The blots were 
detected by anti-BAD (top) or anti-p-BAD (bottom) antibody. 



ylation experiments confirmed the presence of con stitu lively 
active AKT2 kinase in the Myr-HA-AK72-transfected cells 
(Fig. 5B). After 48 h of treatment with FTI-277 in the presence 
of 5% FCS or IGF-1 (50 ng/ml), DNA fragmentation and 
apoptotic cells were observed in pcDNA 3 - but not Myr-HA- 
AK72-transfected OVCAR-3 cells (Fig. 7B and C), indicating 
that constitutively active AKT2, but not serum or IGF-L can 
rescues Fn-277-induced apoptosis, 

A short-lived farnesylated protein, but not RhoB, mediates 
FTI-277 inhibition of PI 3-kinase/AKT2 activation. Farnesy- 
lated proteins generally have different half-lives; for example, 
the half-lives of RhoB and Ras are ~2 and 24 h, respectively. 
To determine whether a short- or a long-half-life protein is 
involved in regulation of the PI 3-kinase/AKT2 pathway, 
OVCAR-3 cells were serum starved and treated with FTI-277 



H 2 B 

phosphorylation 




FIG, 6. Acdvation of AKT2 following attachment to fibronectin: inhibition 
by FTI-277. GVCAR-3 cells were serum starved, treated with or without FTI-277 
or LY294QQ2, and replated on fibronectin- or polylysine-coated plates. AKT2 
was immunoprecipitated with an anti-AKT2 monoclonal antibody, and the im- 
munoprecipitates were subjected to an in vitro kinase assay using histone H 2 B as 
the substrate. The autoradiogram (top) and quantitation by phosphorimaging 
(bottom) show that AKT2 is activated by cell adhesion to fibronectin (lane 2) but 
not to polylysine {lane 1), Integrin-mediated AKT2 activation is inhibited by 
LY294002 (lane 3) and FTI-277 (lane 4). 



at different times from 1 to 48 h prior to IGF-1 stimulation. 
AKT2 was immunoprecipitated from cell lysates with an anti- 
AKT2 monoclonal antibody, and the kinase activity of AKT2 
was assayed with histone H 2 B as the substrate. Repeated ex- 
periments revealed that IGF-l-induced AKT2 activation rap- 
idly declined after 3 h of FTI-277 treatment and reached a 
basal level at 9 h (Fig. 8A), indicating that a short-lived farne- 
sylated protein(s) is predominantly involved in regulation of 
the PI 3-kinase/AKT2 pathway. To examine whether the short- 
lived protein RhoB activates the PI 3-kinase/AKT2 pathway, 
COS7 cells were cotransfected with HA-AKT2 and two differ- 
ent forms of RhoB. After serum starvation, HA-AKT2 was 
immunoprecipitated with an anti-HA antibody, and the immu- 
noprecipitates were subjected to an in vitro kinase assay. Fig- 
ure 8B shows that neither wild-type nor active (RhoB-V14) 
RhoB activates AKT2, suggesting that RhoB is not the FTI- 
277 target that regulates the PI 3-kinase/AKT2 pathway. As a 
positive control, v-H-ras activates AKT2 (Fig. 8B). 

DISCUSSION 

In this study, we demonstrate that inhibition of the PI 3-ki- 
nase/AKT2 pathway by FTI-277 induces apoptosis in human 
cancer cells under conditions where cells are attached to a 
substratum and serum is present. Addition of IGF-1 fails to 
rescue FTI-277-induced apoptosis, whereas constitutively ac- 
tive AKT2 prevents programmed cell death. Growth factor- 
induced AKT2 activation phosphorylates BAD. Furthermore, 
we documented that engagement of the fibronectin receptor in 
OVCAR-3 cells results in activation of AKT2 and that FTI-277 
inhibits both growth factor-induced and integrin-mediated 
AKT2 activation and subsequently blocks AKT2-mediated 
BAD phosphorylation. We have also demonstrated that AKT2- 
but not ras-transformed NIH 3T3 cells are sensitive to FTI- 
277. 

PI 3-kinase has been implicated in the regulation of a variety 
of different cellular responses, including cytoskeletal organiza- 
tion, mitogenesis, membrane trafficking, cell survival, and 
transformation. A number of downstream targets of PI 3-ki- 
nase have been identified, including p70 S6K Akt/PKB, FKC& 
PKCB, JNK1, p38, and Etk (6, 9, 11, 21, 27, 41, 45, 49, 59) 3 but 
only the Akt/PKB family was shown to be involved in malig- 
nant transformation. Previous studies have shown that AKT2 is 
frequently altered in several types of human malignancies (7, 
15, 16, 54, 62) and that overexpression of AKT2 in NIH 3T3 
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cells results in a malignant phenotype (17), Alterations of Akt 
or AKT3, however, have not been consistently observed in 
human malignancy. A previous study showed that Akt is non- 
oncogenic in nude mice when overexpressed in a nontumori- 
genic rat T-cell lymphoma cell line (1). Therefore, AKT2 ap- 
pears to play a more important role than Akt and AKT3 in 
malignant transformation. Previously, we have documented 
that AKT2 is a downstream target of PI 3-kinase and mediates 
mitogenic signals to promote cell proliferation and transfor- 
mation (17, 48). In this report, we provide further evidence 
that the PI 3-kinase/AKT2 pathway is essential for cell survival 
and that inhibition of this pathway by FTI-277 results in in- 
duction of apoptosis in a subset of human ovarian and pancre- 
atic cancer cell lines, 

AM and AKT2 have similar upstream regulators and down- 
stream targets. However, there are clear differences between 
Akt and AKT2 in terms of biological and physiological func- 
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transfected with HA-AKT2 and different combinations of v-Ha-Ras or wild-type 
(WT) and active (V14) forms of RhoB. 



tion. In addition to the more prominent role of AKT2 in 
human malignancy and transformation, the expression pat- 
terns of Akt and AKT2 in normal adult tissues as well as during 
development are quite different (4). All of the cell lines used in 
this study exhibit low levels of Akt expression (data not 
shown). However, the five cell lines that are sensitive to FTI- 
277 exhibited high levels of AKT2 protein. The preferential 
effect of FTI-277 on AKT2-overexpressing cells is further sup- 
ported by our observation that ecotopic expression of wild-type 
AKT2 in NIH 3T3 cells renders the cells sensitive to FTI-277. 
Recently, Suzuki et al (71) showed that FITs induce apoptosis 
of ras-transforaied but not untransformed rat kidney cells. In 
the present report, we show that AKI2-transformed NIH 3T3 
cells are more sensitive to FTI-277 treatment than ms-trans- 
formed cells (Fig, 2). This finding suggests that FTIs selectively 
inhibit /4i£r2-dependent cell transformation, that farnesylated 
proteins, in addition to Ras ? are involved in the activation of 
AKT2 ? and that their inhibition by FTI-277 induces apoptosis. 

Previous studies demonstrated that FTIs are capable of in- 
ducing apoptosis in ^-transformed rodent cells only under 
low-serum (0.1% FCS) conditions. In this report, we show that 
FTI-277 induces apoptosis in AKT2-overexpressing cancer 
cells under high-serum (5% FCS) conditions and that IGF-1, a 
major cellular survival factor protecting cells from apoptosis 
induced by a wide variety of agents (35, 55), fails to rescue 
FTI-277-induced apoptosis in these cancer cells. FTI-277 ef- 
fectively inhibits IGF-1- or serum-induced PI 3-kinase/AKT2 
activation, resulting in programmed cell death. Furthermore, 
constitutively active AKT2 blocks FH-277-induced apoptosis. 
These data indicate that serum/IGF- 1 survival signals aTe pre- 
dominantly mediated by the PI 3-kinase/AKT2 pathway in 
these cells and that activation of AKT2 is sufficient for the 
antiapoptotic signaling. 

We have demonstrated that IGF-l-induced AKT2 activation 
phosphorylates BAD both in vitro and in vivo and that this 
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phosphorylation is inhibited by FTT-277 and wortmannin. 
Moreover, constitutiveiy active AKT2-mediated phosphoryla- 
tion of BAD effectively blocks FTI-277-induced cell death. 
These findings indicate that the PI 3-kinase/AKT2/BAD path- 
way represents a general mechanism by which growth factors 
promote cell survival and that inhibition of this pathway leads 
to apoptosis, AKT2 triggers BAD phosphorylation at Ser-136, 
creating a binding site for 14-3^3 protein (22, 24). When BAD 
forms a complex with 14-3-3, it is unable to heterodimerize 
with and inhibit the survival activity of Bcl-X L or Bcl-2. How- 
ever, BAD is expressed in only a limited range of tissues and 
cell lines. All nine ovarian ox pancreatic cancer eel] lines stud- 
ied exhibit moderate levels of expression of BAD, and the 
phosphorylation levels of BAD are slightly higher in all AKT2- 
overexpressing cell lines except ASPC-1 (Fig. 5C). These re- 
sults indicate that PI 3-kinase/AKT2-mediated BAD phos- 
phorylation is important for maintaining cell survival in these 
cell Jines. However, other downstream targets of Akt, such as 
FKHRL ? caspase 9, GSK-3p, and 4E-BP1, could be also im- 
portant for cell growth in these cell lines. Investigations of the 
involvement of these targets are required for a better under- 
standing of the mechanism of FTI-induced apoptosis via inhi- 
bition of the PI 3-kinase/AKT2 pathway. 

Integrins, a diverse class of a (3 heterodimeric receptors, have 
been implicated in cellular adhesion and transduction of sig- 
nals within the cell to regulate intracellular events, including 
cytoskeletal rearrangements and cell spreading, migration, dif- 
ferentiation, survival, and growth (18, 29, 31, 56, 65, 66, 78). 
Recently, PI 3-kinase was found to associate with the integrin- 
dependent focal adhesion kinase (FAK) and to regulate ILK 
(14, 23, 36). FAK and ILK are rapidly activated following 
integrin-mediated attachment to the extracellular matrix (23, 
63). It has been documented that integrin-mediated adhesion 
to fibronectin results in accumulation of the PI 3-kinase prod- 
ucts PI(3,4)P 2 and PI(3,4,5)P 3 as well as PI 3-kinase-dependent 
activation of ILK and Akt (23, 39). A recent study demon- 
strated that at normal serum concentrations, FTIs induce cell 
death only in cells detached from the substratum, suggesting 
that they affect cellular adhesion pathways (44). In the present 
study, we provide direct evidence that integrin pathway is tar- 
geted in FTI-277-induced apoptosis in human cancer cells. We 
have shown that AKT2 is highly activated by integrin and that 
this activation is completely blocked by FTI-277 and 
LY294002, indicating that integrin-mediated AKT2 activation 
is via PI 3-kinase pathway and that FTI-277 targets a farnesy- 
lated protein(s) directly regulating the integrin/PI 3-kinase/ 
AKT2 pathway. 

Our time course experiments indicate that inhibition of PI 
3-kinase/AKT2 activation by FTI-277 takes place at very early 
time points, approximately 3 h after FTI-277 treatment (Fig. 
8A). It has been shown that FTIs may inhibit Ras phenylation 
and blocks Ras signaling and transformation (19, 64). How- 
ever, the half-life of Ras is approximately 24 h, suggesting that 
FTI-277 targets a short-lived farnesylated protein that regu- 
lates the PI 3-kinase/AKT2 pathway. Among identified small G 
proteins, only RhoB has a short half-life (-2 h). Recent studies 
demonstrated that FTIs inhibit cell growth and Ras transfor- 
mation in Rati cells by targeting the RhoB protein (26, 43). 
However, we showed in this report that neither wild-type nor 
constitutiveiy active RhoB activates AKT2. Moreover, we 
found that two other small G proteins, Racl and RhoA, were 
not involved in the activation of AKT2 (data not shown). 

In conclusion, out data demonstrate that inhibition of PI 
3-kinase/AKT2 pathway by FTI-277 induces apoptosis in hu- 
man cancer cells. FTI-277 effectively inhibits growth factor- 
induced and integrin-mediated AKT2 activation and AKT2- 



mediated BAD phosphorylation. Further studies are required 
to identify and characterize a farnesylated protein(s) that ac- 
tivates the PI 3-kinase/AKT2 pathway and is inhibited by FTI- 
277. 
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